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(54) Apparatus and process for the detection and counting off rarely occurring mammalian cells 



(57) Apparatus and process capable of rapid detec- 
tkm and counting of rarely occuring mammalian cells in 
blood and other tissues which have been labeled with a 
fluorescent dya 

Said process comprises: scanning a solid support 
on which a sample potentially containing fluorescent 
cells has been deposited, with an incident beam from a 
laser, forming a laser spot on the sofid support, said laser 
spot being substantially greater than the cells to be 
detected, said laser spot size being comprised between 
15 and 30 ^m; and simultaneously: detecting the result- 
ant fluorescent light at least at one wavelength; estab- 
lishing a set of oonrelated-features by a Kne-to-line 
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correlation of individual features: comparing said corre- 
lated-features on each pair of adjacent lines in time syn- 
chrony, at least at two different wavelengths Xi and X2; 
making a size discrimination of retained events and 
selecting those having a size conesponding to the type 
of ceNs searched: determining if for retained events after 
size discrimination, the events energy profile in three 
dimensions is within predetermined Gaussian shape cri- 
teria; and counting sakf remaining events to determine 
and to count exclusively the fluorescent cells present on 
SEudsoikl support 
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Description 

5 The present irvention relates to an apparatus and a process capable of rapid detection and counting of rarely 
occuring nrtammalian ceils in blood and other tissues which have been labeled with a fluorescent dye. 

Backymund of the invention 

10 The automated detection of small quantities of molecules or cells which have been labeled with a f iuaescent dye 
is a weD understood and often practiced element of diagnostic medicine. Traditionally, the detection and quantification 
fbllows one off three general forms: 

* in the first form ("solution chemistry"), the nujlecutes are detected after they are released from the cells that carry 
15 them and the resulting fluorescent irttensity is related to the molecular concentration. 

* In the second form (flow cytometry) intact cells are caused to flow past a sensitive fluorescent detection station after 
labeling with a fluorescent dye. The labeled caHs are tfien counted as a fraction of the total cells. 

* in the tiiird form (image analysis) ttie labeled tissue is presented to an automated microscope on a solid substrate 
and the cells are detected and counted through an analysis of the image formed by the microscope. Typically, ttie 

20 image is scanned with a small laser spot to excite the fluorescent molecules. 

in each of these forms, there is a significant limitation in the sensitivity which effects their application to ttie detection 
of rare events. This linrvtation may be particularly severe in the practical application of the modern technology of molecular 
diagnostics. 

2S It is increasingly necessary in biological or anatomo-pathological research or routine diagnostics analysis to detect 
a small number of abnormal cells among a large number of normal ceils. Such examples of abnormal cells are tumor 
cells or ceils wNch have been infected by a virus. Such abnormal ceils can be identified by a fluorescent label which 
addresses eiti^er a component of the cells, such a specific protein or genes through techniques such as hybridization 

in situ, PGR in situ. 

30 In many medical situations, it would be of great benefit to detect and count accurately and rapidly, on a large nuni)er 
of samples, a very low number of abnonnal cells in each sampla For example, an early detection of a few tumor cells 
in a biopsy may pemtit an inten^ention before the dissemination of tumor cells and prevent extension of tine cancer tumor. 

Anotfier example relates to the early detection and monotoring of the number of cells penetrated by an invading 
virus (such as HIV). An early detection may help preventing contamination of other persons, and a dose monitoring may 

35 be very valuable for the treatment of the disease. 

For this type of application, the sensitivity of detection must be very high as it is important to detect one single 
abnormal cell among more than 1 0^ other cell& 

In order to get statistically valid information. It is in some respect desirable to count around 100 abnormal cells, 
which means examining other 10^ total cells. 

40 The visual examination of the sample spread over a solid support witti a microscope is a tedious process, very time 
consuming, tt is complicated by the presence of ottier fluorescent material. When searching anormal cells with a micro- 
scope, a large surface has to be viewed, and the risk of missing one abnormal cell is high. 

The utilisation of confocal microscopy or image analysis permits ttie detection of the abnormal cells (rare events). 
However, in practical applications, ttie scanning is slow and ttie area analysed is small. 

45 Indeed, the principal technological issues in detecting rare cells such as those occuring in ttie examples cited above 
with eittier flow cytcmietry or Image analysis are illustrated by considering ttie detection signal to noise ratio, or more 
specifically the probability ttiat a false signal win be detected. It is well known that tiie probability of a false signal will 
increase Rnearly witti the amount of time ttiat the detector is required to look lor ttie rare event Thus, to maintain tine 
same ability to discriminate between false and true signals, ttie required ratio of signals to noise must Increase as ttie 

so prok>ability of a true signal decreases. Alternatively, for a given signal to noise ratio, there is a limit in terms of the frequency 
off occurrence below which an event cannot be reOably detected. 

There is one means of overcon^ng the limitation cited above which is only applic^le to the third form of analysis 
(image analysis). In ttiis form since the cells are fixed to a solid support it is possible to reanalyze the specimens and 
discriminate against faise signals in the second analysis. Thus, one means which is well known of inproving ttie rare 

55 event detection capatxlity of an automated microscope is to first analyze the specimen in a coarse fashk>n and then 
return in a second pass to examine in more detail the suspected positive signals. However, this technk^ue is still fimited 
in ttie speed in which ttie analysis is made. This limitation results from the fact that the probability of detection must be 
maintained in ttie first coarse scan. Thus, in fluorescent detection ttie illuminating spot size must remain small enough 
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to achieve sufficient irrtensity. and the scan must be slow enough to enable a positive recognition of the rare event on 
the first pass. 

In order to better understand this problem, it is useful to note that in electronic imaging systems the resultiuit image 
is made up of individual picture elements (pixels). In the current state of the art of electronic imaging, even the best 
5 video cameras can only form images of as many as 100,000 or 1 million pixels. However, the diameter of a single cell 
is typically in the order of 10 jim while the surface of the solid support to review is in the order of 5 cm2. Thus, if we 
consider one pixel to be the size of a cell, it would take around 30 million pixels to cover the entire support. 

As a result either a single picture element (pixel) must be made much larger than the dimensions of a single cell or 
the analysis must include many sequential images. However, neither of these approaches is satisfactory In the first 
10 case, the sensitivity of detection is lowered while, in the second case the time and complexity of analysis are limiting 
factors. 

As a consequence, ni actual practice, a small area of the sample spread over the solid support is analysed by this 
technique, which may be acceptable for research purposes but Is not acceptable Ibr routine in vitro diagnostic testing 
in view of potential false negative results, with severe medical applications. 
IS Another limitation of this technique is in the data processing. Since, in the case of two scans, the positive event is 
only confirmed after completion of the second analysis, the data processing apparatus must maintain a complete record 
of the first analysis. In rare event detection the occurrence of a positive element is so infrequent that data from more 
than a million negative elements may have to be stored for each positive event. 

In addition, the labelling of the searched cells may be fragile and rapidly decreasing with time, with the result that 
20 a second scanning may lead to false negative results. 

Lastly, the technique does not lend itself easily to the development of appropriate procedures to automatically cfis* 
criminate the fluorescent cells searched from the various particles present on the sample which are either autof luorescent 
or made fluorescent by adsorption of the dye. Indeed, the size and shape of the abnormal cell to detect can vary sub- 
stantially, making a comparison to a model quite questionabia 

25 

Sf^rrnnary of tha InvanHon 

The present invention relates to an apparatus and a process capable of rapid and accurate detection and count of 
rare mammalian cells made fluorescent and present on a solid support. t)y a laser scanning of the said solid support. 
30 The limitations cited above are overcome by using at least a scanning spot larger than the cells to be detected, preferably 
an elongated spot together with an overlapping scanning pattern. 

Furthermore, through the use of this unique apparatus, a rapid scan of a relatively large soGd support (typically a 
few square centlmetens) is accomplished in such a way that no rare mammalian cell to detect is missed and with dose 
to real time rejection of false signals. A discrimination process (the discriminator) ensures the automatic and tast sep- 
35 aratlon of fluorescent signals emitted by searched cells, from fluorescent signals emitted by autcf luorescent particles, 
or other material which may have been made fluorescent 

In order to understand the invention it is instructive to note that the probability of detection for N independent scan 
passes over a target is proportional to the square root of N times the probability of detection for a single pass. The 
probabatty of detection for a single pass is In turn inversely proportional to the speed at which the pass is made. Thus. 
40 in general, scanning the field twice, at twice the speed, is equivalent in probability of detection to scanning once and no 
net gain in scan time is realized. However, if ttie two passes are added in time synchrony, they are no longer independent 
trials, and a signal event, (which will be con-elated between the two passes), will be favored over a noise event, (which 
will be uncorrelated). Thus, increasing the probability of detection and permitting a deaease in the scan time. 

In ttie invention, an increased scanning rate is accomplished, for instance, by scanning with a large laser spot (see 
45 figure 1). and overlapping the scan, such that each element in the field is scanned at least twice. The results of each 
adjacent pair of scans in the X direction are ttien compared in time synchrony for the purpose of maintaining ttie probability 
of detection by eliminating uncorrelated signals. Thus, each positive event is correlated between two or more scan lines, 
(depending on the size of tiie fluorescent object). 

50 Pefinittens: 

As the laser spot moves along scan lines on the solid support (such as a glass slide) tiie fluorescence light emitted 
(if any) is measured continously by one or more detectors (at various wavelengths). The anak)g signal coming out of 
the detectors is digitalized by taking its value at constant f requericy inten/als. 
55 Reading : a reading is tiie value of the signal at the time of measurement. 

Samslfi* a sample is defined as a reading of the signal from the distector which exceeds a given dynamic tiireshokt. 

Feature : a set of EKijacent san^sles on one scan line is called a feature. 

Una to line correlation : 2 samples are said to be correlated when they appear in time synchrony on two adjacent 
scan lines. 
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Single feature : a feature which appears on only one scan line, ie which ts not correlated, is called a single feature.. 
Fluorescent soot : fluorescence emitted by any fluorescent particle when excited by a laser beam. These particles 
can be cells or other elements such as dust. The particles can be autof luorescent or have been made fluorescent for 
the detection (for example, cells). 
5 Event : an e^ent Is a set of at least two features which are correlated in time synchrony on adjacent scan lines. An 
event is the translation of a fluorescent spot in the measurement process. 

An event may subsequently be classified by the discriminator as either a positive event (ie an event being searched, 
such as a cell] or as a noise event (ie an event to be rejected as due to fluorescence generated for example by autof lu- 
orescent particles). A noise event if included In the final count, would give false positives. 
10 Laser spot : light spot formed by a laser beam on a solid siwort 
Interline or line spacing Y: distance between two scanning fines. 

Said definitions are illustrated in figure 2, in which samples are represented by O length of an 

event (set of correlated features) corresponds to the nunt^er of accumulated count of samples from the start of the 
feature occuring the earliest in a scan-line In the scan direction, and the end of the feature which terminates the latest 
IS in a scan line, said counting taking as one sample all the correlated samples on different scan lines, and the width of an 
event Is defined by the number of adjacent lines on which the same event appears. 

In one aspect of the present Invention, a method for counting fluorescent labelled cells on a solid support such as 
a glass slide, is provided; said method is characterized in that it comprises: 

20 - scanning a solid support on which a sample potentially containing fluorescent cells has been deposited, with an 
incident beam from a laser, forming a laser spot on the solid support, said laser spot being substantially greater 
than the cells to be detected, said laser spot size being comprised between 15 and 30 ^m. wherein the distance 
between two scanning lines is such that each element of the sakj support is scanned at least twice, by partial 
overlapping of adjacent scanning paths, and is preferat>ly less than half the dimension of said laser spot size; and 

25 simultaneously: 

- detecting the resultant fluorescent light at least at one wavelength, by selecting only detected signals exceeding a 
given threshold (-samples), for example a dynamic threshold, wherein a set of adjacent samples on a scan-line 
represents a feature: 

- establishing a set of correlated-features by a line-to-line correlation of in(fividual features, by comparing features on 
90 each pair of adjacent lines in time-synchrony, counting the number of lines over which said set of oorrelated-features 

occur, each set of correlated*features faming an event and eliminating any single unoorrelated-features (»single 
feature); 

correlation is considered as existing when one or more sar^ptes within the two features under comparison 
are detected in the same position on said pair of fine. The number of lines over which said set of correlated-features 

35 occur is counted, and thereafter used in size disaiminatioa 

comparing said correlated-features on each pair of adjacent lines in time synchrony, at least at two c&fferent wave- 
lengths Xi and ^2. for selecting the correlated-features having an emission intensity ratio at said two wavelengths 
lower than a predetermined number, being specified that if the emission ratio at said wavelengths generated by any 
con-elated samples is greater than a predefined value, the complete event is eliminated: 

40 - making a size discriminatton of retained events and selecting those having a size corresponding to the type of cells 
searched: 

- determining if for retained events after size discrimination, the events energy profQe in three dimensions is within 
predetermined Gaussian shape criteria and rejecting events not within said predetermined Gaussian shape criteria; 

such analysis is for instance performed by a software curve-fitting algorithm. All events within the criteria are 
45 accepted as fluorescent cells for the final count; those outside the criteria are classified as noise (dust or other 
particles on said solid support); 

• counting said remaining events to determine and to count exclusively the fluorescent cells present on sakJ solid 
support. 

50 More precisely, according to a prefenred embodiment of said aspect of the invention, eaki size dJ6criminatk)n is 
earned out by: 

* determining the length of each event by counting the mrrber of samples, by starting with the sample appearing 
first on the scanning direction on whatever feature of said event occuririg the eariiest continue to include the sample 

55 appearing last in the scan directkyi on whatever feature ends last said counting taking as one sample all the cor- 
related samples on different scan lines. 

- determining the width of said event by counting the number of adjacent lines covered by the same event and 

- eliminating events for which the number of said counted samples is greater than a predetermined number A, and/or 
the number of said adjacent scan-lines is greater than a predetermined number B. 
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In another aspect of the present invention, the instant process it characterized In that it comprises: 

- spreading the sanpie to be analyzed and potentially containing the rare mammalian cells to be detected, over a 
solid support in such a way to obtain a thin layer; 

- depositing on the solid support appropriate reagents to f luorescently label the cells searched using techniques such 
as monoclonal antibodies, in situ hybridisation, in situ PGR. enzyme-linked probes, capable when exited to emit a 
fluorescent light at a selected wavelength: such techniques being used either individually or simultaneously on a 
given sample to produce fluorescent light at one or more wavelength as a discrimination tool or as a way of identifying 
or selecting only certain type of rare cells; 

scanning said sofld support with an incident beam from a laser, forming a laser spot on said solid support said laser 
spot being substarfially greater than the cells to be detected, said laser spot size being comprised between 15 and 
30 Jim. wherein the distance between two scanning lines is such that each element of the said support is scanned 
at least twice, by partial overiapping of acjacent scanning paths, and is preferably less than half the dimension of 
said laser spot size; and simultaneously: 

* detecting the resultant fluorescent light at least at one wavelength, by selecting only detected signals exceeding a 
given threshold (=samples). wherein a set of acfjacent samples on a scan-line represents a feature; 

- establishing a set of correlated-features by a One-to-line con'elation of Individual features, by comparing features on 
each pair of adjacent lines in time-synchrony, counting the number of tines over which said set of oorrelated-features 
occur, each set of correlated-leatures forming an event, and eliminating any single uncorrelated-faatures (ssingle 
feature); 

correlation is considered as existing when one or more samples within the two features under comparison 
are detected in the same position on said pair of line. The number of lines over which said set of correlated-features 
occur is counted, and thereafter used in size discrimination; 

- comparing said con'elated-features on each pair of adjacent lines in time synchrony, at least at two cSfferent wave- 
lengths Xi and X2 for selecting the correlated-features having an emission intensity ratio at said two wavelengths 
lower than a predetermined nunrter, being specified that if the emission ratio at said wavelengths generated by any 
correlated sanples is greater than a predefined value, the conplete event is eliminated; 

- making a size discrimination of retained events and selecting those having a size corresponding to the type of cells 
searched; 

' determining if for retained events after size discrimination, the events energy profie in three dimensions is within 
predetermined Gaussian shape aiteria and rejecting events not within said predetermined Gaussian shape criteria; 

such analysis is for instance peribrmed by a software curve^itting algorithm. All events witiiin the criteria are 
accepted as fluorescent cells Ibr the final count; those outside the criteria are classified as noise (dust or other 
particles on said solid sipport); 

• counting said remaining events to determine and to count exclusively the fluoresoent cells present on saki solU 
support. 

As stated hereabove. the distance between two scanning lines (interiine or line spacing y} is less than half the 
dimensk)n of sakj laser spot slze.'leading to an overlap of the scanned surface. 

More precisely, according to a preferred embodnient of said aspect of the invention, sakJ size discrimination is 
carried out by: 

- determining the length of each event by counting the number of samples, by starting with the sample appearing 
first on the scanning direction on whatever feature of said event occuring the earliest continue to include the sample 
appearing last in the scan direction on whatever feature ends last, sakl counting taking as one sample all the cor- 
related samples on different scan lines. 

- determining the width of said event by counting the number of adjacent lines covered by the same event and 

- eliminating events for which tiie number of sakj counted samples is greater than a predetemnined number A. and/or 
the number of saU adjacent scan-fines te greater than a predetermined number B. 

Preferably, the step of detecting the resulting fluorescent light is performed by measuring signals exceeding a 
dynamic threshokJ (^samples), by means of a digital signal processor (DSP). 

Said DSP allows to differentiate between wanted signals (corresponding to celts) and unwanted signals (electronic 
noise, for instance). 

Such a process avoUs. unexpectedly, both false negative and talse positive results. 

The hereafter Table I summarizes the potential causes for false negative or false positive results and the relevant 
steps of the instant process to eliminate the errors. 
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Dynamic thresholding 
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Autofluorescerrt dirt or particle having absort}ed the dye 


Colour discrimination 








Size discrimination 




False negative 


Area not covered cell signal not identified at>ove background 


Overlapping and full filter scanning 
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Colour discrimination 








Une to line correlation 








Size discrimination 
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It must be highlighted that the present process handles only with fluorescent spots and MentH les fiuorescently- 
labeled bacteria t>y analysis of the label's fluorescent response to a scanning laser. The analysis technique makes use 
of fluorescence discrimination comprising: 

• evaluation of the number of samples on a scan line (afeature). 

- line to line correlation and 

• number of correlaled features in view to make a "size discriminayon" as defined hereabove and to provMe an accu- 
rate detection of cells. 

90 

Therefore, the instant analysis technique makes use of the size of the object to detect in the folk)wing two ways: 

- the fluorescent response on any single scan line must be large enough to exceed a predetermined noise threshold; 

- a feature must be detected with a predetermined degree of overtap on at least two consecutives line scans. 

55 

These requirements mean that the instant process differs markedly from imaging systems, wNch require signif kantly 
more information on the shape and size of a feature. 

These requirements drive the design of an imaging system towards small laser spot size, in order that the spot is 
smaller than the object being detected. The Instant spot size can be large relative to the feature, and is currently of the 
40 order of 10 times the feature size. This gives major benefits in sampling speed, optical accuracy requirements, and 
processing power (data handling rate and memory requirements). 

Unexpectedly, the instant process provides: 

dynamic threshokfing of signal level : the data processing system continuously monitors t>ackground noise level, and 
45 adjusts the threshokJ level which features must exceed to be regarded as significant. This alkTws the system to 
tolerate variation In the behaviour of the glass slkle (solkJ support, both from glass slide to glass sTide. and over 
the area of a single glass slide: 

- One-to*line conrelation of signals: in order to be assigned as cells, features must be present on at least two scan lines; 

- use of a green fluorescence spectrum shape for feature discrimination (red/green signal level). A feature detected 
50 in the green channel must have a con^esponcfing red channel signal small or nil, as predicted from the shape of the 

green fluorescent nnarkar emission spectrum. A higher level of red charmel resportse will cause the feature to be 
rejected; 

signal discrimination: signals must be present for a predetermined number of scan points in order to be accept* 
55 able. Short signals are rejected as noise; 

- correlated features comprising above a predetermined number of samples or above a predetermined number of 
lines (i.e.. either along a given scan line, or aaoss several line scans) are r^ected. 
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In another aspect of the present invention, an apparatus for detection and counting of cells by fluorescence on a 
solid stpport is provided. 
Said apparatus comprises: 

a laser light source for emitting an incident light beam, cooperating with means for focusing said laser beam into 
5 a laser spot the dimension of which on a solid support is substantially greater than the type of mammalian cells to be 
detected and counted, said laser spot size being comprised between 15 and 30 lun; 

scanning means for directing the light from said light source onto said solid support to spotwise irradiate the 
mammaiian cells to produce fluorescence spots, wherein the distance between two scanning tines is such that each 
element of the support is scanned at least twice, by partial overlapping of adjacent scanning paths and is preferably less 
10 than the dimension of said laser spot size; 

means for detecting and photoelectricaOy converting said emitted fluorescence at least at two different wavelent- 
ghs Xi and Xzi 

mesm tor discrintinating and eliminating non-mammalian fluorescence including a digital signal processor and 
a plurality of optic paths for selecting at least two emission fluorescence wavelengths: 

15 

signal processing means for establishing sets of oorrelated-features by a line-to-line correlation of individual features, 
by comparing features on each pair of adjacent lines in time synchrony, counting the number of lines over which 
said set of oorrelated-features occur, each set of correiated-features forming an e^ent. and eliminating any single 

20 uncorrelated feature, occuring only on one Gne; comparing said correiated-features on each pair of adjacent lines 
in time synchrony, at least at two different wavelengths Xi and X2. for selecting the con-elated-features having an 
emission intensity ratio at said two wavelengths lower than a predetermined nurrtber, being specified that if the 
emission ratio at said wavelengths generated by any correlated features is greater than a predefined value, the 
complete event is efiminated; making a size disaimination of retained events and selecting the events having a size 

2S conespondlng to the type of mammalian cells searched: determining if for retained events after size discrimination, 
the events energy profile in three dimensions is within predetermined Gaussian shape criteria and rejecting events 
not witNn said predetermined Gaussian shape criteria, and counting said remaining events to determine and to 
count exclusively the fluorescent mammalian cells present on said solid support 

30 Said apparatus allows that the entire surface of the solid support is scanned. 

According to one aspect of said apparatus, said scanning means comprises a first oscillating mirror, the axis of 
oscillation of which s perpendicular to the axis of the light beam for scanning a line by the beam; and a second mirror, 
the axis of which is perpendicular to the axis of oscillation of the first mirror, said second mirror executing a scanning 
movement synchronized with the scanning movement of said first ntirror. 
35 AcconJing to another aspect of the apparatus, said detecting means includes at least two photomultipliers as a 
means for the photoelectric converston. . 

According to another aspect of the apparatus, said laser spot has an elongated shapa 
According to another aspect of the apparatus, said solid support is a glass sfide. 

According to another aspect of the apparatus, said sample holder cooperates with cooling means, such as ones 
40 leading to Peltier effect. 

In addition, a thin layer of a material such as silicon may be sandwiched between said sample holder and said glass 
slida 

Said thin layer has. tor Instance, the tollowing advantages: no autofluorescence, low light reflexion at tiie excitation 
wavelengtii and easy to clean. 
4S The following figures can be used to describe ttie means by which tiie invention was reduced to practice. 

Brief description of the drawings 

Figure 1 : drawing of overlapping scan pattern showing: beam shape, scan pattern, direction and relative (fimensions. 
so . Figure 2: definition and dimension of an event 

Figure 3: sketch of tiie apparatus showing; the laser, optics, scanning min'ors. specimen holder, detectorsi and a 

black box for post detection electronfos. 

Figure 4: flow chart showing top level control aigoritiim. 

Rgure 5: ffow chart showing feature detection. 
55 Rgure 6: f tow chart showing One correlation. 

Rgure 7: flow chart showing color ratio discrimination. 

Figure 8: flow chart showving event size discrimination. 

Figure 9 illustrates tiie principal scanning paramaters d, x. y. 
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Figure 1 0 illustrates a comparison of reduction in signal to noise when th e laser spot is circular (Case 1 ) or elongated 
(Case 2). 

Description of preterrBd embodiments 

5 

Referring to figure 3. there is shown an apparatus according to the irrvention comprising scanning means 10. means 
for detecting the emitted fiuorescence. including dichroic filters 20, optical fitters, 21, photomuitipiiers (PMT) 30. a signal 
processing system 40-42, a digital signal processor 43. an instrument PC 50. a user PC 60 and an automated microscope 
70. 

10 The scannmg device 10 uses coherent light to scan a solid support 1 1 , represented by a glass slide, can'ied on a 
glass slide holder 8. 

In the preferred embodiment, the components of the device 1 0 include: a 488 nm argon-ion water cooled laser 1 2. 
scan mirrors 16. scanning lens 1 7 and a beam dump 18 which Is a safety feature; said scanning means cooperates with 
means for focusing siad laser beam into a laser spot comprising a beam expander 13 which controls the illuminating 
15 laser spot size to 15-30 ^m, preferably 20 ^m. and directs the illuminating spot onto said scan minors 16. 

Said beam expander 13 comprises two lenses, adapted (focal distance and distance between said two lenses), 
such as providing a laser spot on said solid support from 15 to 30 \un\ for instance, to obtain a laser spot of 20 )im. focal 
distance of lens n"1 is 90 mm. focal distance of lens n"2 is 50 mm. and the distance between the two lenses is 36.5 mm. 

Said two scanning mkrors are used to scan the illuminating laser spot across the solid support 1 1 on wfiich is 
20 deposited the sample containing the ceils to be detected. The laser spot moves In the x direction at a speed for example 
of 1 meter per second. 

Said scanning mirrors 16 (^scanner 16) allow, for instance, a line-to-line (y) spacing of 7 ^m (distance between two 
scan lines). 

High optical accuracy is required from said scanning means to ensure accurate positioning of the laser spot (scan- 
25 ning tens 17). 

Using a laser spot size of 20 iim at a speed of 1 m/^. a 25 mm filter can be scanned in under 2 minutes. 

The solid support 1 1 (or specimen support) (such as a glass sGde) on which is deposited the sample to be analyzed 
is placed on a renxivable sample holder which is used to carry the specimen support from the lak)oratory, or from where 
ever the sanple is cotlected, and to introduce it into tiie machine. 
30 This sanple holder is designed to handle preferably a rectangular specimen support, such as a glass slide. 

The load drawer (not represented) is easily accessible to the user. The rerTX)vable sample holder is designed to 
handle a rectangular solid support and is deposited on the load drawer. The drawer is then pushed Into the instrument 
and the sample holder carrying the cells comes directly under the scanner 16. The sample holder is cooled to protect 
the stability of the labelled cells (for instance by Pettier effect). 
35 Said sample loader cooperates with a mechanism to introduce the sample holder in the machine and to automatically 
bring it with precision at the right distance from the scanning lenses. The sample loader is not shown on tine figures. 

The scanner 16 passes the focused laser beam to the target 11, thereby inducing fluorescence from the cells or 
any fluorescent material. 

The thus fluorescent light emitted from the sample glass slide passes through dichroic filters 20 and optical filters 
40 21 to two photomuitipiiers (PMTs) 30. 

Said PMTs 30 detect fluorescence at two wavelengths (centred on 530 nm and 615 nm and referred to as the green 
and the red channels). 

Said fluorescence is further analyzed by ttie signal processing system 40. 

The PMT signals, togettier with time synchrony information from the scanner 16. are passed to the signal processing 
45 system 40. 

This system 40 comprises pre-anplif iers 41 . signal sanpling devices 42 and digital signal processing unit 43. 

More predseiy. each of said PMT signals is amplified by a dedicated preamplifier 41 . The amplified analogue signals 
are digitally sampled at 2 MHz. using 84Dit resolution (256 signal levels). Each PMT channel has a dedfoated sampler. 

The sampled PMT signals are passed to a Digital Signal Processor (DSP) 43. 
50 The signals are then analyzed and the resulting output information is passed through an instrument PC 50. which 
controls the scanning device, acts as a host for the DSP system 43. stores data during solid support scanning and 
passes scan results to the user PC 60. 

Said user PC system 60 is used to process and display ttie results of a scan, cun^entiy using Matlab® software, as 
ttie principal analytical tool. 

55 The instant apparatus has the facility to allow, if necessary, direct observation of any object on the solid support, by 
driving an automated microscope from ttie user PC 60. 

Figures 4-8 sum up the different steps of the instant process in view to r^ect: 

- background noise (dynamic threshold, figure 5). 
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colour discrimination (figure 7), 
unoorrelated features (figure 6), 
size discrimination (figure 8). 

Effect of variation on design parameters. 



The following scanning physical parameters: laser spot size (d), scan tine sampling (x) and line spacing (y) influence 
the detection perfbmiance of the instant process, as illustrated in Figure 9. They are: 

d: the scan laser spot dimension. The spot power distribution is Gaussian, and the spot dimension is usually defined 
as the dimension at which the laser Intensity has fallen to (V«2) of the peak value (approximately 13%). 
x: the distance between successive data samples on one scan line. This is controlled by the sanpling rale, and the 
speed of the scanning mirrors. 

y: the distance between successive scan Unas. This is controlled by the step size used to move the scanning mirror. 

The effect of varying these parameters is summarised in Table II, H is dear that there is an optimum operating region 
for each parameter. The size of this region is determined by three principal constraining factors: 

minimising the probability of obtaining false positive or false negative result; 

practical engineering constraints (component tolerances, scanning minor positional accuracy, etc}; 

processing and data analysts system costs (process speed, data storage memory). 
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TABLE II (continued) 
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The role of these parameters is also shown in figures 1 and 10. 
30 The target 1 1 is scanned as shown in figure 1 . With reference to said figure 1 . the scan time in terms of laser spot 
dimension and the SNR may be evaluated as follows: 

' total area scanned is X.Y 
■ scan velocity is v 
35 - retrace time is negligisle 

- spot dimensions are ax and Sy 

- scan advance is Ay 

Then the time to scan the total area is equal to the time to scan one fine times the number of scan lines. 

40 ^ 

Time per line « XAf 

Nurhber of lines -YMy 

45 Y-ay/h where n is the number times each spot is scanned. 

Thus, the time to scan is given by: 

Scantimeo^ 
v.ay 

If aU things are equal the time to complete a scan is proportional to the area scanned and the number of times 
each element is scanned. It is inversely proportional to the velocity of scan and thedimension of the spot in the Y direction. 

However, all things are not equal and if the scan time is reduced by either the simple expedient of inaeasing the 
spot size or. the velocity the signal to noise wfl! be compromised. 

The signal is proportional to the Intensity of illumination (watts/sq.cm.) and the time that each spot is illuminated. 
The noise is proportional to the square root of the illuminated area and inversely proportional to the scan velocity. Thus, 
considering that: 

• the target cell is smaller than the illuminating spot: 

- the total laser power Is a constant (lo) and is spread over the illuminating spot: 
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- the scan may be overlapped as desatoed above where n is the number of times each spot is scanned. 
The signal to noise can be expressed in terms of familiar quantities: 

5 

lo r~- n 
S/N = V 



This demonstrates explicitly how the detection signal to noise is reduced as either the scan speed or laser spot 
dimension is inaeased. Even though this equation does not consider the recovery of signal to noise which will be gained 
15 bf correlation of ac^acent scan lines (see figure 1). 

Figure 10 shows a conparison of the results of the two equations developed above, under two sets of conditions. 
In each case, it was assumed that an initial condition existed with a drcutar laser spot of dimension a. Under this condition, 
the SNR was 100% and the scan time was 100%. 

Conditian 1 : increase the laser spot dimension at constant velocity maintaining a circular spot and with no overlap* 
20 ping scan. 

n- 1 anda^ »ay 

Condition 2: elongate the spot by increasing the y dimension while decreasing the x dimension such that the spot 
2S area is constant and overlap 80 that each spot is scanned twice: 

n«2andax = iMy 

EXAMPLE 1 : Detection of human cells (Hela cells) Infected with the vaccinia virus. 

50 

Cells (10^/mf) were grown on slide and treated vinth wild type vaccinia virus at 2 1 0~^ pfu/mt. Six hours after infection, 
cells were incubated 20 minutes with a FITC labelled vaccinia monoclonal antibody, then washed with PBS buffer; 20 
\l\ of the treated suspension (2.103 cells) were deposited between slide and coverslip. and counted using the present 
invention. Parameters setting on the apparatus, basic detection results and final results after disaimination process are 
35 presented in the Table HI. Detected cells were later confirmed positive under nrvcrosoope. 

^XAiyiPt-E 2 : Detection of nwrina transformed cells. 

A few p galactosidase protein constitutively expressing PI 3-1 cells, constructed from P-SIS cells (murine plasmo- 
40 cytome) were added to a non-transfected cells suspension; the resulting suspension was labelled 5 minutes at Zl^C 
using fluorescein di-galactoside. After labelGng. 30 ^1 were deposited between s&de and coverslip and counted using 
the present invention. Parameters setting on the apparatus, tsasic detection results and final results after discrimination 
process are presented in Table III. 

4S 
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It must be pointed out that in said Table III, "*Ratio* means fluorescent intensity in the red channel divided by fluo- 
rescent intensity in the green channel and the columns marked actually include the total of events as defined in 
the text and the number of uncorrelated features (also called single features). It is also to be noted that features and 
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events may be found in the red channel only and vice versa and impact of discrimination by Gaussian after other criteria 
not shown on this Table. 

Claims 

5 

1 . Method for detecting and counting rarely occuring mammalian cells, characterized in that it comprises: 

- scanning a solid support on which a sample potentially containing fluorescent cells has been deposited, with 
an incident beam from a laser, forming a laser spot on the solid support, said laser spot being substantially 

10 greater than the cells to be detected, said laser spot size being conprised between 15 and 30 (im. wherein the 

distance between two scanning lines is such that each element of the said support is scanned at least twice, 
by partial overlapping of adjacent scanning paths: and simultaneously: 

• detecting the resultant fluorescent light at least at one wavelength, by selecting only detected signals exceeding 
a given threshold (ssampies). wherein a set of adjacent samples on a scan-line represents a feature; 

IS • establishing a set of correlated-features by a line-to-line congelation of individual features, by comparing features 
on each pair of adjacent lines in time-synchrony, counting the number of lines over which said set off correiated- 
features occur, each set of correlated-features forming an event, and eliminating any single uncon'elated-fea- 
tures (=single feature): 

comparing said correlated-features on each pair of adjacent lines In time synchrony at least at two different 
20 wavelengths Xi and X2, for selecting th e correlated -features having an emission intensity ratio at said two wave- 

lengths lower than a predetermined number, being specified that rf the emission ratio at said wavelengths gen- 
erated by any correlated samples is greater than a predefined value, the complete event is eliminated: 
making a size discrimination of retained events and selecting those having a size corresponding to the type of 
cells searched: 

25 - determining If tor retained e/ents after sizediscrimination, the events energy prof ie in three dinienslonste 

predetermined Gaussian shape criteria and rejecting events not witNn said predetermined Gaussian shape 

criteria; and 

- counting said remaining events to determine and to count exclusively the fluorescent cells present on said soPid 
support. 

30 

2. The method as in dalm 1. wherein said said size discrimination is carried out by: 

- determining the length of each event by counting the number of samples, by starting with the sanple appearing 
first on the scanning direction on whatever feature of said event occuring the eariiest, continue to include the 

3S sample appearing last In the scan direction on whatever feature ends last, said counting taldng as one sample 

all the correlated sanrples on diffo-ent scan lines, 

- detemtini ng the width of said event by counting the number of adjacent lines covered by the same event and 

• eliminating events tor which the number of said counted samples is greater than a predetermined number A. 
and/br the number of said adjacent scan-fines is greater than a predetermined number B. 

40 

3. Metiiod for detecting and counting rarely occuring mammalian cells, characterized in that it comprises: 

spreading the sample to be analyzed and potentially containing the rare mammalian cells to be detected, over 
a solid support ffi such a way to obtain a thin layer; 

4S - depositing on the sofid support appropriate reagents to f luorescently label the cells searched using techniques 
such as monoclonal antftxxiles. in situ hybridisatioa in situ PCR. enzyme-linked probes, capable when exited 
to emit a fluorescent light at a selected wavelength: such techniques being used either individually or simulta- 
neously on a given sanple to produce fluorescent light at one or more wavelength as a discrimination tool or 
as a way of identifying or selecting only certain type of rare cells; 

50 - scanning said solid support with an incident beam from a laser, forming a laser spot on said solid support, said 
laser spot being substantially greater than the cells to be detected, said laser spot size being comprised between 
1 5 and 30 ^m. wherein the distance between two scanning lines is such that each element of the said support 
is scanned at least twice, by partial overlapping of adjacent scanning paths; and simultaneously: 

- detecting ttie resultant fluorescent light at least at one wavelengtti. by selecting only detected signals exceeding 
55 a given threshold («samples). wherein a set of adjacent samples on a scan-line represents a feature: 

- establishing a set of correlated-features by a line-to-fine correlation of individual features, by comparing features 
on each pair of adjacent lines in time-synchrony, counting ttie number of lines over which said set of correlated- 
features occur, each set of correlated-features forming an event, and eliminating any single unoonelated-fea- 
tures (single feature] : 
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• comparing said oorreiated-featuras on each pair of adjacent lines in time synchrony, at least at two different 
wavelengths Xt and X2 for selecting the correlated-features having an emission intensity ratio at said two wave- 
lengths lower than a predetermined number, being specified that if the emission ratio at said wavelengths gen- 
erated by any con-elated samples is greater than a predefined value, the complete event is eliminated; 
5 - making a size discrimination of retained events and selecting those having a size con'esponding to the type of 
cells searched; 

determining if for retained events after size discriminab'on. the events energy profile i n three dimensions Is within 
predetermined Gaussian shape aiteria and rejecting events not within said predetermined Gaussian shape 
criteria; and 

10 ' counting said remaining events to determine and to count exclusively the fluorescent cells present on said solid 
support. 

4. The method as in claim 3. wherein said said size discrimination is can'ied out by: 

IS - determining the length of each event by counting the number of samples, by starting with the sample appearing 
first on the scanning direction on whatever feature of said ^ent occuring the earliest, continue to include the 
sample appearing last in the scan direction on whatever feature ends last, said counting taking as one sample 
all the conrelated samples on different scan lines. 

determining the width of said event by counting the number of adjacent lines covered by the same event and 
20 - eilminating events for which the number of said counted samples is greater than a predetermined number A. 
and/or the number of saM adjacent scan-llnes is greater than a predetermined mrnber B. 

5. Apparatus for detecting and counting cells by fluorescence, which comprises: 

a las^ light source (12) for emitting an incident light beam, cooperating with means for focusing (13) said 
25 laser beam into a laser spot, the dimension of which on a solid support (1 1) is substantially greater than the type 
of mammalian cells to be detected and counted, saki laser spot size being comprised between 15 and 30 |im; 

scanning means (1 0) for directing the light from said light source onto said soBd support to spotwise irradiate 
the mammafian cells to produce fluorescence spots, wherein the distance between two scanning lines is such that 
each element of the support is scanned at least twice, by partial overlapping of adjacent scanning paths; 
30 means for detecting (20. 21 , 30) and photoelectrically converting said emitted fluorescence at least at two 

different wavelentghs Xi and X2; 

means for discriminating and eliminating non-mammalian fluorescence including a digital signal processor 
(43) and a plurality of optic paths for selecting at least two emission fluorescence wavelengths; 

35 signal processing means (40. 41 . 42) for establishing sets of correiated-features by a line-to-line correlation of 

indivkjual features, by comparing features on each pair of adjacent lines in time synchrony, counting the number 
of lines over which said set of correlated-features occur, each set of correlated-features forming an event, and 
eliminating any single unconelated feature, occuring only on one line; comparing sakj conelated-features on 
each pair of adjacent lines in time synchrony, at least at two different wavelengths Xi and X^. for selecting the 

40 correlated-features having an emission intensity ratio at sakj two wavelengths lower than a predetermined 

number, being specified that if the emisston ratk) at sakl wavelengths generated by any carelated features is 
greater ttian a predefined value, the complete event is eliniinated: making a size discrimination of retained 
events and selecting the events having a size corresponding to the type of manvnalian cells searched; deter- 
mining if for retained events after size disaimination, the events energy profile in three dimenstons is within 

45 predetermined Gaussian shape criteria and rejecting events not within saM predetermined Gaussian shape 

criteria, and counting saki remaining events to determine and to count exclusively the fluorescent mammalian 
cells present on sakj soBd support 

6. Apparatus as in claim 5. characterized in that sakl scanning means comprises a f irst oscillating mirror (16). the axis 
so of oscillation of which is perpendicular to the axis of the' light beam for scanning a line by the beam; and a second 

mirror, the axis of which Is perpencficular to the axis of osdilation of the first minror, saM second minror executing a 
scanning movement synchronized with the scanning movement of said first minor. 

7. Apparatus as in claim 5. characterized in that said detecting means includes at least two photomultipliers (30) as a 
55 means for the photoelectric converston. 

8. Apparatus as in daim 5, characterized in that sakJ laser spot has an elongated shape. 

9. Apparatus as in daim 5, characterized in that saU solid support is a glass sikie (11). 
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10. Apparatus as in claim 5. characterized in that said solid support is placed on a sanple holder (6) cooperating with 
cooling means and optionaJly a thin layer of sflipon material sandwiched between said sample holder and said solid 
support. 
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